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Plant Physiology/ Original Article
Source-sink relationships of 
wheat plants obtained by the 
application of systemic herbicides
Abstract – The objective of this work was to evaluate the potential of solute 
translocation among stems of wheat (Triticum aestivum), by the application 
of the systemic herbicides clethodim and glyphosate. The experiments were 
carried out in greenhouse conditions, using wheat cultivars with contrasting 
potential for tillering, during the winter of 2017 and 2018 in Southern Brazil. 
Clethodim was applied on isolated stems, to evaluate the potential translocation 
of solutes from the first three tillers. Translocation was evaluated by the yield 
parameters on stem ears not treated with clethodim. Glyphosate was used to 
evaluate the potential translocation of solutes from late tillers. Translocation 
was evaluated by the assimilation of carbon in stems without the glyphosate 
treatment. When applied on isolated primary tillers, clethodim reduced yield 
parameters only in treated stems, which shows that the assimilates were targeting 
the main sink, in detriment of the other organs. There was a decrease in net 
carbon assimilation in stems without the glyphosate treatment at the first visible 
node stage. Glyphosate applied on late tillers, at anthesis, reduced even more 
net carbon assimilation in nontreated stems of the primary tillers of the BRS 
Parrudo wheat cultivar (low tillering). Well-developed late tillers show higher 
potential of solute translocation to the whole plant than the poor-developed ones.
Index terms: Triticum aestivum, clethodim, glyphosate, tillering, transient sink.
Relações entre fonte e dreno de plantas de trigo 
obtidas pela aplicação de herbicidas sistêmicos
Resumo – O objetivo deste trabalho foi avaliar o potencial de translocação 
de solutos entre colmos de trigo (Triticum aestivum), por meio da aplicação 
dos herbicidas sistêmicos cletodim e glifosato. Os experimentos foram 
realizados em cultivo protegido, com cultivares contrastantes quanto ao 
potencial de perfilhamento, durante o inverno de 2017 e 2018, no Sul do 
Brazil. O cletodim foi aplicado em colmos isolados, para se avaliar o potencial 
de translocação a partir dos três primeiros perfilhos. A translocação foi 
avaliada, por meio dos parâmetros produtivos, em espigas de colmos não 
tratados com cletodim. O glifosato foi utilizado para avaliar o potencial 
de translocação a partir dos perfilhos tardios. A translocação foi avaliada 
por meio da assimilação de carbono, em colmos sem o tratamento com 
glifosato. Quando aplicado nos perfilhos primários isolados, o cletodim 
reduziu os parâmetros produtivos apenas em colmos tratados com o herbicida, 
o que mostra o direcionamento de assimilados para o dreno principal, em 
detrimento de outros órgãos. Houve decréscimo da assimilação de carbono 
em colmos sem o tratamento com glifosato, no estádio de primeiro nó visível. 
O glifosato aplicado a perfilhos tardios, na antese, reduziu ainda mais a 
assimilação de carbono em colmos primários não tratados da cultivar de trigo 
BRS Parrudo (baixo perfilhamento). Perfilhos tardios bem desenvolvidos 
apresentam maior potencial de translocação de solutos para o restante da 
planta do que os pouco desenvolvidos.
Termos para indexação: Triticum aestivum, cletodim, glifosato, 
perfilhamento, drenos transitórios.
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Introduction
Physiological and productive parameters of 
contrasting wheat cultivars have been addressed under 
various conditions, such as sowing dates and densities, 
plant nutrition, and environmental stresses (Duggan 
et al., 2005; Ruan et al., 2012; Mitchell et al., 2012, 
2013; Guo & Schnurbusch, 2015; Hendriks et al., 2016; 
Houshmandfar et al., 2019). Despite all these studies, it is 
still difficult to understand the interactions between the 
main stem and tillers for the source-sink relationship. 
The ability of wheat plants to remobilize assimilated 
carbon from stem into spike during the grain filling 
has been widely reported, especially in restricted 
environments (Ahmadi et al., 2009; Mitchell et al., 2013; 
Guo & Schnurbusch, 2015; Dodig et al., 2017; Turek 
et al., 2018). However, the mobilization of reserves 
among stems of the same plant is less understood.
Long-distance transport between main stem and 
lateral shoots is well developed in dicotyledon (or dicot) 
species, such, that are more studied in relation to solute 
translocation (Slewinski et al., 2013). In these plants, 
xylem and phloem vessels establish a large network of 
translocation and communication throughout the plant 
structure (Lucas et al., 2013). The multistem structure 
of monocots, such as wheat, raises questions on the 
effectiveness of communication among stems of the 
same plant. It is well known that tillers are supported by 
the main stem with sugars, water, and nutrients, during 
the emission period, as a result of vascular connections 
(Alves et al., 2000). However, to be a transient sink of 
assimilates, senescent tillers would have to keep these 
vascular connections with the whole plant until the 
grain filling stage.
Source-sink relationship has been widely studied 
in the past decades, using increasingly improved 
tools (Turgeon & Wolf, 2009; Dinant & Lemoine, 
2010; Lucas et al., 2013). Since phloem long-distance 
transport of solutes is dependent of vascular connections 
between source and sink organs, the application of 
systemic herbicides can be a useful tool to study the 
potential of solute translocation in plants. Clethodim 
is a phloem-mobile herbicide (Bromilow et al., 1990) 
that belongs to the cyclohexanedione chemical family 
of herbicides, which are potent inhibitors of the 
enzyme acetyl-coenzyme A carboxylase (ACCase, 
EC 6.4.1.2) (Burton et al., 1987). Glyphosate is also 
a phloem-mobile herbicide (Bromilow et al., 1990) 
that binds to and blocks the activity of the enzyme 
enolpyruvylshikimate-3-phosphate synthase (EPSP 
synthase, EC 2.5.1.19).
Clethodim and glyphosate show high mobility 
among plant organs of wheat plants (Nandula et al., 
2007), as well as in other monocot species, such as 
Elytrigia repens (Tardif & Leroux, 1991). However, 
such translocation was only shown at early stages of 
plant development. 
The objective of this work was to evaluate the 
potential of solute translocation among stems of wheat, 
by the application of the systemic herbicides clethodim 
and glyphosate.
Materials and Methods
Two experiments were carried out in greenhouse 
conditions, in a randomized complete block design with 
2×4 factorial arrangement and four replicates, during 
the winters of 2017 and 2018, in the experimental area 
of the Universidade Federal de Santa Catarina, on the 
Curitibanos campus, in Southern Brazil. The wheat 
cultivars BRS Guamirim (high tillering) and BRS 
Parrudo (low tillering) were used in both experiments 
as contrasting genotypes for tillering potential (Fioreze 
et al., 2019).
In 2017, the four experimental factors consisted of 
clethodim application to wheat plants on the primary 
tillers of nontreated plants, as well as on the main stem, 
first tiller, and second tiller (Figure 1). Clethodim 
Select 240 g L-1 EC (UPL, Itupeva, SP, Brazil) spray 
solution at 0.24 g L-1 was applied at the 10.5 stage 
(flowering) of Feeks scale (Large, 1954), on the first 
three leaves of the stem apex, using a brush paint.
In 2018, the four experimental factors consisted of 
glyphosate application to wheat plants on late tillers of 
nontreated plants, as follows: all tillers at the 6 stage 
(first node) of Feeks scale; all tiller at the 10.5 stage 
of Feeks scale; and on the two last tillers emitted at 
the 10.5 stage of Feeks scale (Figure 1). The spray 
solution of glyphosate (Crucial 540 g L-1 SL, Nufarm, 
Maracanaú, CE, Brazil), at 6.6 g L-1, was applied on 
the whole described tillers (on leaves), using a brush 
paint.
In both experiments, main stem and the first two 
(2017) or three (2018) emitted tillers, were considered 
as primary tillers. For 'BRS Guamirim', primary tillers 
were T0, T1, and T2, while for 'BRS Parrudo', primary 
tillers were T1, T2, and T3 (Masle 1985). Early after 
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emergence, different classes of tillers were identified 
by colored cotton threads (primary tillers). All tillers 
emitted after that were considered as late tillers.
Plants were grown in 3.6 L plastic pots filled with 
Cambissolo Háplico típico, soil Brazilian classification 
by Santos et al. (2018), which corresponds to 
Inceptisol, with a clayey texture (550 g kg-1 clay) limed 
with 1.51 g dm-3 limestone. Soil was fertilized with 
120 mg dm-3 potassium chloride (60% K2O), and 2.16 
g dm-3 triple superphosphate (42% P2O5). Side dressing 
N fertilization took place at every 15 days between 
emergence and anthesis, using urea (45% N) applied 
via solution (25 mg dm-3 N) to reach 150 mg dm-3 N. In 
each pot, five seed were sown at 3 cm soil depth. Ten 
days after seedling emergence, only one plant was kept 
growing in each pot.
At the maturity stage, clethodim-treated plants 
were collected to determine the yield parameters. 
Plants were separated in main stem, first tiller, second 
tiller, and late tillers, to study the effects of herbicide 
on yield parameters of nontreated stems. For each 
group, the length of rachis, number of fertile spikelets, 
number of grains, and mass of grains were evaluated. 
Additionally, the number of tillers and the number of 
fertile tillers were determined in control plants.
In glyphosate-treated plants, the net carbon 
assimilation was used as a tool to study the effects of 
the herbicide. Net carbon assimilation was measured 
every two days in the main stem, first, second, and 
third tillers, and late treated tillers (as well as nontreated 
plants), using a portable photosynthesis meter with 
opened system IRGA LI-6400xt (Licor Inc., Lincoln, 
NE, EUA). The measurements were interrupted as 
soon as the net carbon assimilation approached zero. As 
glyphosate killed the plants, yield parameters were not 
evaluated.
Data were subjected to the analysis of variance by the 
F test, at 5% probability. Means were compared by the 
Tukey’s test, at 5% probability, using the Sisvar software 
(Ferreira, 2011) for clethodim-treated plants. Data on 
carbon net assimilation (glyphosate-treated plants) were 
plotted with the values of standard deviation.
Results and Discussion
Both wheat cultivars are contrasting for the potential 
of tiller emission (Figure 2). BRS Guamirim showed 
higher values of total number of tillers and number of 
viable tillers. The large number of productive tillers 
per plant is a consequence of the plant growing in 
pots, with no restrictions of water, nutrients, and 
solar radiation; therefore, there was a slight difference 
between the total number of tillers and the number of 
viable tillers per plant, for each cultivar.
There was no significant interaction between wheat 
cultivars and clethodim application for the productive 
Figure 1. Wheat plant aerial part: solid lines represent primary tillers and dashed lines represent late tillers. Asterisks 
indicate the clethodim application on leaves of primary tillers (A). Arrows indicate the glyphosate application on all late 
tillers (B), or on two last tillers emitted (C).
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parameters of wheat spikes (Table 1). BRS Parrudo 
cultivar showed an individual potential of spike yield 
higher than that of BRS Guamirim cultivar due to 
the lower number of spikes per plant. Therefore, BRS 
Parrudo cultivar showed higher length of rachis, as 
well as higher number of fertile spikelets and higher 
number and mass of grains per spike, for both primary 
tillers and average of other spikes of the plant.
The effect of competition among tillers on the 
individual potential of spike yield in wheat plants 
was widely recorded. A high tiller emission results 
in limitations on the productive potential of spikes 
by wheat plants because of the competition for 
assimilates, water, and nutrients (Fioreze et al., 2019). 
Thus, limitations on the number of tillers per plant 
due either to mutations or even the manual removal of 
tillers improve the productive potential of wheat spikes 
(Duggan et al., 2005; Dreccer et al., 2013; Mitchell 
et al., 2013; Hendriks et al., 2016).
Table 1. Yield parameters for rachis length, number of fertile spikelets, number of grains, and grain mass per spike, in wheat 
(Triticum aestivum) cultivars affected by the clethodim application on primary tillers(1).
Treatment MC T1 T2 Average(2) MC T1 T2 Average(2)
Cultivar (C) Rachis length (cm) Number of fertile spikelets per spike
BRS Guamirim 10.2b 9.7b 9.8b 8.6b 13.3b 12.8b 14.9b 8.5a
BRS Parrudo 11.2a 11.5a 11.5a 10.4a 22.6a 24.1a 22.9a 10.4b
p-value of F test 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Treatment (T)
Control 10.7 10.4 10.6 9.5 21.8a 21.4a 21.6a 8.9
Main culm (MC) 11.0 11.0 10.9 9.6 7.3b 21.4a 22.1a 8.2
First tiller (T1) 10.8 10.7 10.7 9.6 21.3a 9.5b 21.3a 9.5
Second tiller (T2) 10.4 10.5 10.3 9.3 21.6a 21.6a 10.8b 9.2
p-value of F test 0.43 0.39 0.37 0.65 0.00 0.00 0.00 0.29
CxT interaction (p-value) 0.08 0.07 0.30 0.62 0.47 0.19 0.79 0.09
CV (%) 6.0 6.7 5.7 5.3 30.8 24.3 31.9 13.9
Cultivar (C) Number of grains per spike Average(2) Grain mass per spike (g) Average(2)
BRS Guamirim 37.5b 35.6b 38.1b 33.1b 2.0b 1.8b 2.0b 1.6b
BRS Parrudo 76.0a 76.6a 74.0a 57.1a 3.0a 2.9a 3.0a 2.4a
p-value of F test 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Treatment (T)
Control 67.8a 65.6a 68.1a 46.7 3.0a 3.0a 3.0a 2.0
Main culm (MC) 17.3b 65.8a 64.0a 45.4 0.3b 3.1a 3.1a 2.0
First tiller (T1) 66.8a 28.1b 64.8a 44.6 3.2a 0.4b 2.9a 1.8
Second tiller (T2) 75.3a 64.9a 27.4a 43.6 3.4b 3.0a 0.9b 2.0
p-value of F test 0.00 0.00 0.00 0.54 0.00 0.00 0.00 0.63
CxT interaction (p-value) 0.94 0.60 0.85 0.42 0.33 0.66 0.88 0.93
CV (%) 18.2 25.7 34.4 9.5 18.2 20.5 34.0 17.4
(1)Means followed by equal letters in the columns do not differ, by Tukey’s test, at 5% probability. MC, main culm; T1, first tiller; T2, second tiller. 
(2)Average of late tillers.
Figure 2. Number of tillers per plant, and number of 
fertile tillers per plant in BRS Guamirim and BRS Parrudo 
wheat (Triticum aestivum) cultivars. Vertical bars indicate 
standard deviation.
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The clethodim application on the main stems 
of wheat plants did not affect the length of rachis 
(Table 1) because the processes of the spike 
differentiation and expansion occurred before the 
herbicide application. However, clethodim affected 
the productive potential of the herbicide-treated stem, 
reducing the number of fertile spikelets, the number of 
grains and, consequently, the mass of grains of spike 
(Table 1). However, nontreated stems did not change 
their productive potential. Thus, in plants for which the 
herbicide application was performed only on the main 
stem leaves, the effect was observed only on that stem. 
The same effect occurred for clethodim applications 
on the first (T1), or second (T2) tiller.
Glyphosate application to all late tillers of wheat, 
in the beginning of the stem elongation, resulted in a 
decrease of the net carbon assimilation (A) in the primary 
tillers of both wheat cultivars (Figure 3). The effect of 
herbicide exposure was observed more clearly four 
days after the application on BRS Guamirim cultivar 
plants, and the net carbon assimilation approached 
zero six days after application, while on BRS Parrudo 
cultivar plants, the net carbon assimilation approached 
zero only eight days after application.
Figure 3. Carbon net assimilation of the BRS Guamirim and BRS Parrudo wheat (Triticum aestivum) cultivars as affected 
by glyphosate application on late tillers, at first node (A, B) and flowering (C, D) stages (Large, 1954). MC, main culm. 
T0, T1, T2, and T3 refer to Masle (1985) classification of wheat tillers. DAA, days after application. Vertical bars indicate 
standard deviation.
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The effect of glyphosate application on all late 
tillers of 'BRS Guamirim' plants, at the flowering stage 
(Figure 3), was slightly different from that observed for 
application during early stem elongation. The effect of 
herbicide application was lower during the flowering 
stage, especially in primary tillers not treated with 
herbicide. The glyphosate application on all main 
stems of 'BRS Parrudo', at the flowering stage, showed 
the same effect as that observed for application during 
the stem elongation period. Eight days after glyphosate 
application, both treated and nontreated tillers showed 
net carbon assimilation approaching zero.
A strong difference between the wheat cultivars 
was observed only when glyphosate was applied at the 
flowering stage, on the two late tillers (Figure 4). The 
main stem of 'BRS Guamirim' plants was not affected 
by herbicide application. However, the main stem of 
'BRS Parrudo' was strongly affected by the herbicide, 
with the net carbon assimilation approaching zero 
eight days after application. For both cultivars, the 
two tillers treated with herbicide died six days after 
application.
The lack of translocation of the clethodim 
herbicide between treated (primary tillers) and 
nontreated stems was quite consistent (Table 1). 
Several aspects on translocation of substances related 
to carbohydrate metabolism or even long-distance 
signaling, have been addressed in the past decades 
(Turgeon & Wolf, 2009; Dinant & Lemoine, 2010; 
Lucas et al., 2013), being the presence of vascular 
connections an essential criterion for translocation. 
Considering that each clethodim-treated tiller is a 
viable tiller, it is possible to suppose that the spike 
of the treated-tiller was the main translocation route, 
since the spike is the main sink of stems. This result 
does not prove the absence of vascular connections 
among wheat stems, but it clearly shows the direction 
of translocation between sources and sinks in the 
stem. It is important to highlight that metabolites 
associated with long-distance signaling throughout 
the plant do not necessarily follow the movement 
of photoassimilates (Dinant & Lemoine, 2010; 
Lucas et al., 2013), although the translocation of the 
herbicide occurred by this route in the present study.
With the use of glyphosate in late tillers, some 
aspects were shown on the movement of assimilates 
among stems of wheat plants. The reduction of net 
carbon assimilation in primary tillers not treated 
with glyphosate indicates the existence of vascular 
connections among stems, both in the stem elongation 
period and in the flowering period (Figure 3). This 
response was observed regardless of the tillering 
potential of each cultivar, although it was less intense 
for BRS Guamirim during the flowering stage. This 
is an interesting aspect to be considered, since the 
amount of active ingredient applied to BRS Guamirim 
plants was higher, despite this cultivar’s higher number 
of tillers (Figure 2). The number of stems not treated 
with glyphosate was the same for both cultivars.
The most surprising result was observed when 
glyphosate was applied only on the last two tillers, 
and the net carbon assimilation was measured on 
the main stem of each plant. The main stem of 'BRS 
Parrudo' was significantly affected by glyphosate, 
while the net carbon assimilation remained constant 
in the main stem of 'BRS Guamirim' (Figure 4). 
Fioreze et al. (2019) found that 'BRS Parrudo' plants 
show higher biometric and productive uniformity 
among tillers than 'BRS Guamirim', under a free-
tillering and protected cultivation. Adding these 
aspects to the results obtained in the present study, 
it is possible to state that the translocation of solutes 
among wheat stems varies depending on the degree of 
Figure 4. Carbon net assimilation of main culm of BRS 
Guamirim and BRS Parrudo wheat (Triticum aestivum) 
cultivars as affected by glyphosate application on two last 
tillers emitted at the 10.1 (first node) stage of Feeks scale. 
DAA, days after application. Vertical bars indicate standard 
deviation.
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development of a given tiller in relation to the others. 
Therefore, the translocation could be more effective 
among well-formed stems, with low possibility of 
translocation among senescent, malformed tillers. 
This would refute the thought that late, nonproductive 
tillers could be transient sinks that supply the grain 
filling of other stems under limiting environmental 
conditions.
Conclusions
1. Well-developed late tillers show higher potential 
for the translocation of assimilates to the whole wheat 
(Triticum aestivum) plant than poor-developed late 
tillers.
2. Wheat plants show a low potential for translocation 
of assimilates from primary to secondary tillers.
3. There is translocation of assimilates from 
secondary tillers to the whole plant.
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